Although studies in transgenic mice suggest that estrogen is important for development of the testis, very little is known about the potential role of estrogen in maturation of the primate fetal testis. Therefore, as a first step to determine whether estrogen regulates maturation of the fetal primate testis, we used immunocytochemistry to determine estrogen receptor (ER) ␣ and ␤ expression in the fetal baboon testis. Second, we established methods to quantify ER␤ mRNA levels by competitive reverse transcription-polymerase chain reaction in Sertoli cells isolated by laser capture microdissection (LCM) from the fetal baboon testis. ER␤ protein expression was abundant in the nuclei of Sertoli, peritubular, and interstitial cells in baboon fetuses at mid (Day 100) and late (Day 165) gestation (term is 184 days). ER␤ mRNA level was 0.03 attomole/femtomole 18S rRNA in Sertoli cell nuclei and associated cytoplasm isolated by LCM. ER␣ was expressed in low level in seminiferous tubules and in moderate level in peritubular cells on Day 165. Germ cells expressed very little ER␣ or ER␤ protein, whereas the baboon fetal epididymis exhibited extensive ER␣ and ER␤ immunostaining at mid-and late gestation. In contrast to the robust expression of ER␤, androgen receptor protein was not demonstrable within the cells of the seminiferous cords but was abundantly expressed in epididymal epithelial cells of the fetal baboon. In summary, the results of this study show that the fetal baboon testis and epididymis expressed the ER␣ and ER␤, and we suggest that our nonhuman primate baboon model can be used to study the potential role of estrogen on maturation of the fetal testis. estradiol receptor, male reproductive tract, testis
INTRODUCTION
We have recently shown that the baboon fetal ovary expressed the estrogen receptor (ER) ␣ and ␤ [1] and that estrogen regulated primate fetal ovarian folliculogenesis [2] . The possibility that estrogen might also act directly on the male reproductive system became apparent when ER was shown in the testis and epididymis of the rat [3, 4] [5] , and macaque [6] . Subsequently, ER␣ was shown in Leydig cells and epididymis of the adult rat and mouse [7] [8] [9] and germ and Sertoli cells of the adult human [10] . ER␤ has been detected in Sertoli cells and germ cells as well as efferent ductules and epididymis of the adult rat, mouse [8, 9, 11, 12] , human, and nonhuman primate [13] [14] [15] . Because ER␣ and ER␤ are also expressed in Sertoli, germ, and Leydig cells of the human fetal and adult testis and epididymis [15] [16] [17] , it has been suggested that estrogen may also be important for the development and function of the fetal testis and efferent ductule system [18, 19] . Consistent with this proposal, ER␣-null male mice exhibited abnormal testicular and epididymal morphology and decreased sperm motility and fertility [18, 20, 21] . Although abnormal sperm motility and infertility have been reported in the few cases of ER-null mutation identified in men [22] , it is not known whether the defects in reproductive development and function shown in estrogen-deficient mice are demonstrable in the human and nonhuman primate.
As a first step to conduct in vivo experiments to determine whether estrogen regulates development and function of the primate fetal testis, efferent ductule system, or both, in the present study we used immunocytochemistry to determine whether ER␣ and ER␤ were expressed in the baboon fetal testis and epididymis at mid-and late gestation. Moreover, to design studies to determine whether estrogen regulates cell-specific expression of molecules involved in development and function of the fetal primate testis, we established methods to isolate Sertoli cells from within seminiferous cords of the fetal baboon testis by laser capture microdissection (LCM) and developed a highly sensitive competitive reverse transcription (RT)-polymerase chain reaction (PCR) assay to simultaneously quantify ER␤ mRNA and constitutively expressed 18S rRNA in Sertoli cells.
MATERIALS AND METHODS

Animals
Female baboons (Papio anubis) weighing 10-15 kg were housed individually in stainless steel cages in air-conditioned quarters and fed commercial primate chow and fresh fruit daily and given water ad libitum. Females were paired with males for 5 days at the anticipated time of ovulation, and pregnancy was confirmed by palpation and ultrasonography [23] . Ultrasonography was also used to identify male fetuses. On Days 100 (n ϭ 6) and 165 (n ϭ 7) of gestation (term ϭ Day 184), baboons were anesthetized with isoflurane, the placenta and fetus were delivered by cesarean delivery, and the fetus was killed with an overdose of sodium pentobarbital. The fetal testis and epididymis were removed and either fixed in 10% buffered formalin for immunocytochemistry, snap frozen, and stored in liquid nitrogen for RT-PCR of ER␣ and ER␤ in whole testis tissue or embedded in cryomolds filled with OCT medium (Miles, Elkhart, IN), frozen on dry ice, and stored at Ϫ80ЊC for LCM of cells and com-petitive RT-PCR of ER␤. Endometrium as an ER-positive tissue was also collected from adult baboons in the proliferative phase, as judged by menstrual cycle history and daily examination of perineal turgescence. Baboons were cared for and used strictly in accordance with U.S. Department of Agriculture regulations and the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Publication 85- 23, 1985) . The experimental protocol employed in this study was approved by the Institutional Animal Care and Use Committee of the University of Maryland School of Medicine.
Histology and Immunocytochemistry
Fetal testicular and epididymal histology and immunocytochemical detection of ER␣, ER␤, androgen receptor (AR), ␣-inhibin, and ⌬ 5 -3␤-hydroxysteroid dehydrogenase (3␤-HSD) were determined essentially as described previously by our laboratories [1, [24] [25] [26] . Briefly, sections of paraffin-embedded fetal testis and epididymis were mounted onto slides and endogenous peroxidase was blocked with H 2 O 2 . Except for analysis of ␣-inhibin and 3␤-HSD, slides were microwaved in 10 mM sodium citrate buffer for 15-20 min. All sections were preblocked with 5% normal goat serum (NGS). Sections were incubated 48 h (4ЊC) with a mouse monoclonal NCL-ER6 F11 antibody to the human ER␣ (Vector Laboratories, Burlingame, CA) diluted 1:40 in 5% NGS-PBS, chicken polyclonal ER␤ 503 immunoglobulin (Ig) Y antibody to the human ER␤ protein (supplied by Dr. Jan-Å ke Gustafsson, Karolinska Institute, Sweden) diluted 1:1000 in NGS, monoclonal antibody to AR (NCL-AR-318; Nova Castra Laboratories, Newcastle Upon Tyne, UK) diluted 1:50 in NGS, mouse monoclonal antibody to the human ␣-subunit of inhibin (supplied by Dr. Nigel Groome, Oxford Brookes University, Oxford, UK) diluted to 5 g/ml NGS, or rabbit polyclonal antibody to human 3␤-HSD (supplied by Dr. Ian Mason, University of Edinburgh, Scotland) diluted 1:5000 in NGS. Tissue sections were then washed in PBS; incubated with biotinylated goat anti-mouse, anti-chicken, or anti-rabbit IgG (Vector) and then with the VectaStain Elite kit (Vector); and stained with diaminobenzidine-imidazole-H 2 O 2 . Tissue sections were counterstained with Gill hematoxylin and examined by light microscopy. Our previous studies [1, [24] [25] [26] showed that ER␣, ␣-inhibin, and 3␤-HSD were not detected in sections of fetal and adult baboon ovaries or adrenal glands incubated with primary antibodies preabsorbed with human recombinant or immunizing peptides. Specificity for the ER␤ antibody was previously confirmed in studies demonstrating an absence of nuclear signal in sections of rodent and human tissues incubated with antibody preabsorbed with excess human ER␤ protein and an inability of the antibody to detect ER␣ protein on Western blot [27] .
LCM of Sertoli Cells
Serial 8-m sections of the fetal testis were cut on a cryostat at Ϫ20ЊC and mounted onto glass slides at room temperature. Sections were fixed in 70% and 95% ethanol, immersed in eosin for 10 sec, dehydrated in 100% ethanol, and incubated 5 min ϫ 3 in fresh xylene. Slides were air dried and transferred to a desiccator containing silica gel at room temperature. An Arcturus PixCell II LCM system (Arcturus Engineering, Inc., Mountain View, CA) was employed to capture the nuclei and immediately surrounding cytoplasm of Sertoli cells from randomly chosen seminiferous cords. Optimal conditions for LCM capture of Sertoli cells included a laser power of 40 mW, a duration of 1.5-2.5 msec, and a laser spot size of 7.5 m. The LCM cap with captured cells was fitted to an Eppendorf tube containing lysis buffer (RNeasy; Qiagen, Valencia, CA) and incubated at 42ЊC for 30 min. At completion of the LCM process, samples were stored in lysate buffer overnight at Ϫ80ЊC and RNA extracted within 72 h.
RT-PCR of ER␣ and ER␤
RNA extraction. Total RNA was extracted from whole testis or endometrium according to the modified method of Chirgwin et al. [28] and from LCM captured Sertoli cells by Nonidet P-40-guanidine isothiocyanate extraction/silica gel spin column centrifugation (RNeasy; Qiagen). The samples were then sodium acetate/ethanol precipitated, centrifuged, and resuspended in 15 l RNase-free water. Because the amount of total RNA obtained from Sertoli cells isolated by LCM was low, 18S rRNA was also quantified by competitive RT-PCR to normalize ER␤ levels.
Primers. Oligonucleotide primers for ER␣, ER␤, and 18S rRNA were synthesized by Invitrogen Life Technologies, Inc. (Carlsbad, CA) and based on the human cDNA sequences described by Green et al. [29] , Ogawa et al. [30] , and Torczynski et al. [ RNA competitor construction. Homologous RNA competitive reference standards (CRSs) that shared the same primer binding sites but contained a shortened internal sequence with respect to the endogenous target RNA for ER␤ and 18S rRNA were prepared using the RT-PCR competitor construction kit (Ambion, Inc., Austin, TX). Total RNA from baboon testis (ER␤) or endometrium (18S rRNA) was reverse transcribed and the RT mixture added to separate PCR reaction mixtures containing 0.2 mM each of deoxynucleotides, 1.25 U cloned Thermus aquaticus DNA polymerase (Amplitaq; Perkin-Elmer Corp./Cetus, Norwalk, CT) and 10 pmol of the respective paired primers (3, 4 and 7, 8) to generate cDNA templates for ER␤ and 18S rRNA. PCR was performed in a programmable thermal cycler (MJ Research, Inc., Cambridge, MA) for 40 (ER␤) and 20 (18S rRNA) sequential cycles, respectively, at 94ЊC for 1 min, 55ЊC (ER␤) or 60ЊC (18S rRNA) for 1 min and 72ЊC for 2 min. PCR products were fractionated in 2% agarose gel and gel purified (Qiagen). The CRSs were synthesized from 150 ng of each respective cDNA template using the MEGAscript T7 in vitro transcription kit (Ambion, Inc.).
Competitive RT-PCR. ER␤ and 18S rRNA mRNA levels were simultaneously quantified by competitive RT-PCR [32, 33] . A constant amount of RNA (6 l of LCM sample) was added to an RT mixture containing 2-fold serial dilutions of both ER␤-CRS (6.25-0.10 attomoles) and 18S rRNA-CRS (40.0-2.56 femtomoles). Upon completion of the RT, 5 l and 2 l of the RT mixture for ER␤ and 18S rRNA, respectively, were added to separate PCR reaction mixtures (45 and 48 l, respectively) containing 10 pmol of the respective paired primers (5, 6 and 9, 10) for ER␤ and 18S rRNA. ER␤ total endometrial, ER␤ LCM, and 18S rRNA LCM samples were amplified for 35, 36, and 23 sequential cycles, respectively; PCR products were gel fractionated, visualized with ethidium bromide, and photographed.
Negatives were scanned and the intensity of amplified products was represented as the relative area under each product band. A correction factor [34] was used to account for the relative size difference between the target and the CRS cDNAs. The logarithm (log) of the ratio of CRS to target area was plotted as a function of the log concentration of ER␤ or 18S rRNA CRS added to each PCR reaction. The concentration of ER␤ or 18S rRNA target mRNA was determined at which the ratio of the log of CRS and target area was equal to 0 (i.e., the equivalence point).
RESULTS
Fetal Testis Histology
Fetal testis weight (mean Ϯ SEM) increased (P Ͻ 0.01) 4-fold between Days 100 and 165 of gestation (Table 1) . A comparable increase in body weight also occurred during this period and thus testis:body weight ratio was similar at mid-and late gestation. At mid- (Fig. 1A) and late (Fig.  1B) gestation, the seminiferous cords of the baboon testis were comprised of numerous Sertoli cells with highly basophilic oval nuclei and several randomly situated germ cells or spermatogonia with prominent nuclei and ample highly eosinophilic cytoplasm. The seminiferous cords were encircled by peritubular cells and pockets of interstitial cells containing Leydig cells (see below). Immunocytochemistry ER␣ and ␤. ER␤ protein was abundantly expressed in the nuclei of Sertoli, peritubular, and interstitial cells in baboon fetuses on Day 100 ( Fig. 2A) and Day 165 (Fig. 2C) of gestation. Moreover, the level of ER␤ expression appeared to be greater in all cells at late compared with midgestation. In contrast, ER␣ protein was only minimally expressed in the fetal testis on Day 100 (Fig. 2B) and present in low level in Sertoli cells within the seminiferous cords and in moderate level in peritubular and interstitial cells on Day 165 (Fig. 2D) . Germ cells displayed very little expression of ER␣ and ER␤ protein as assessed by immunocytochemistry.
The epithelial nuclei of the epididymis of the baboon fetus exhibited extensive ER␣ (Fig. 3A) and ER␤ (Fig. 3B) immunocytochemical staining on Days 100 (not shown) and 165 of gestation.
Androgen receptor. In contrast to the robust expression of ER␤ in the fetal testis, the AR was not demonstrable by immunocytochemistry within the cells of the seminiferous cords of baboon fetal testis either on Day 100 (Fig. 4A) or Day 165 (Fig. 4B ) of gestation. However, AR protein was present in relatively low levels in peritubular cells of the fetal testis (Fig. 4B ) and in high levels in epithelial cells of the fetal baboon epididymis (Fig. 4C) .
␣ Inhibin and 3␤-HSD. Sertoli cells of the baboon fetus on Day 100 (not shown) and Day 165 (Fig. 5A ) of gestation exhibited intense immunocytochemical staining for the ␣-subunit of inhibin. The fetal baboon testicular Leydig cells also expressed the enzyme 3␤-HSD at both mid-(not shown) and late (Fig. 5B) gestation.
LCM and RT-PCR of ER␣ and ER␤ mRNA
LCM of Sertoli cells. Figure 6A shows a cross-section of a seminiferous cord with at least two germ cells and numerous nuclei of Sertoli cells before LCM isolation. Figure  6B shows the same seminiferous cord after capture of the nuclei and immediately surrounding cytoplasm of three Sertoli cells. Figure 6C shows the LCM cap containing these Sertoli cells, which could then be used for mRNA analysis. Thus, a homogeneous population of Sertoli cells, devoid of germ cells or peritubular cells, can be obtained by LCM to quantify mRNA levels.
RT-PCR of ER␤ and ER␣. As shown in Figure 7 , distinct 259-bp ER␤ and 417-bp ER␣ products were generated by PCR of RNA obtained from the baboon endometrium (lane 1), whole (i.e., mixed cells) testis (lane 2), and Sertoli cells isolated by LCM (lane 3). Competitive RT-PCR was then performed to quantify steady-state levels of ER␤ mRNA in Sertoli cells isolated by LCM from the fetal baboon testis. The 259-bp ER␤ target and 200-bp ER␤ CRS products generated by PCR are shown in Figure 8A . PCR products were not obtained when RNA or RT enzyme were omitted from the reaction. The slope of the log of CRS:target areas plotted as a function of log of increasing CRS concentrations is shown in Figure 3C . The correlation coefficient (r 2 ) determined by linear regression of this plot was 0.99 (P Ͻ 0.01), indicating that PCR amplification was linear. The level of ER␤ mRNA in LCM-isolated Sertoli cells, normalized to the level of 18S rRNA simultaneously quantified by competitive RT-PCR in these cells (Fig. 8B) , was 0.03 attomole/femtomole 18S rRNA.
DISCUSSION
The present study shows that the fetal baboon testis and epididymis expressed ER␣ and ER␤ mRNA and protein in the second half of baboon gestation. ER␤ protein was expressed in relatively high levels in Sertoli cells of the seminiferous cords, whereas the peritubular and interstitial cells and epididymis expressed both ER␣ and ER␤. Consistent with these observations in fetal baboons of the present study, in the human and rodent fetal testis, ER␤ was expressed primarily by cells within the seminiferous cords [16, 17, 35] , whereas ER␣ was absent from the seminiferous cords [35, 36] but abundantly expressed in cells lying outside of the seminiferous cords and in the efferent ductules and epididymis [36] [37] [38] . It is well established that placental estrogen production and secretion into the human and baboon fetus increases with advancing gestation [39] . Moreover, the testis appears to be a site of estrogen synthesis, and thus aromatase activity [40, 41] and P-450 aromatase expression [42] [43] [44] have been shown in Sertoli and Leydig cells of immature and adult rodents and humans. Consequently, based on the localization patterns of the ER␣ and ER␤, exposure of the fetal testis to estrogen, and capacity for local aromatization of androgen to estrogen, it has been suggested that estrogen is important for development and function of the fetal testis and excurrent duct system [18, 19] . In support of this suggestion, male mice with targeted disruption of the P-450 aromatase gene exhibited a decline in sperm numbers and infertility [45] , whereas ER␣ knockout mice exhibited altered morphology of the testis, efferent ductules, and epididymis, reduced sperm motility, and infertility [18, 20, 21, 46, 47] . In the adult human testis, estrogen acted as a cell survival factor by preventing apoptosis in vitro in germ cells, an effect reversed by ER antagonist ICI 182, 780 [48] . Moreover, azoospermia and infertility have been observed in men with null mutation of the P-450 aromatase gene [22] .
The results of the present study also showed that Sertoli cell nuclei and associated cytoplasm could be isolated by LCM from the fetal baboon testis and ER␤ mRNA quantified by competitive RT-PCR in these cells. The combination of LCM and competitive RT-PCR provides a significant technological advance to assess expression of regulatory molecules by specific cells of the heterogenous testis. Thus, quantification of factors in Sertoli or other cells isolated by LCM from the testis of fetal baboons in which estrogen synthesis and levels are altered during various stages of gestation [49] will allow us in future studies to investigate the role of estrogen in regulating cell-specific expression of factors potentially important in maturation of the fetal testis.
The current study further showed that AR protein was not expressed within Sertoli or germ cells of the fetal baboon testis and was primarily localized to epithelial cells of the epididymis and peritubular cells. The AR also was only detected in peritubular cells and not within seminiferous cords of the human fetal testis [50] . In contrast, AR has been localized within Sertoli cells of the adult human testis [51] , in which this receptor may mediate a tropic action of androgen on Sertoli cell function and consequently indirectly on spermatogenesis [52, 53] . The absence of AR in the fetal baboon Sertoli cells and germ cells suggests that autocrine/paracrine factors other than androgen are involved in regulating Sertoli cell and germ cell maturation and function at this time in prenatal development. Indeed, AR-knockout mice do not display seminiferous tubule dysfunction and may or may not exhibit alterations in spermatogenesis as observed in ER␣-knockout mice [19, for review]. FSH and LH interact to regulate spermatogenesis postnatally [53, 54] ; however, factors in addition to the latter gonadotropins (e.g., estrogen) may be important in maturation of the testis in utero.
The 3␤-HSD enzyme was expressed in Leydig cells and ␣-inhibin in Sertoli cells of the fetal baboon testis at midand late gestation. We have previously shown [55] that the fetal baboon testis near term has the capacity to convert C 21 -steroid precursors such as pregnenolone to C 19 -steroids (e.g., dehydroepiandrosterone) and to convert the latter ⌬ 5 -hydroxysteroids to ⌬ 4 -ketosteroids (e.g., androstenedione and testosterone). Thus, the fetal baboon testis has the steroidogenic capacity to form androgens, which can be aromatized either locally or within the placenta to estrogen. Estrogen acting via the ER within Sertoli and/or other cells may then regulate in a paracrine/autocrine manner testis maturation.
In summary, the present study shows that the fetal baboon testis and epididymis expressed ER␣ and ER␤ during the second half of gestation. Moreover, Sertoli cells were isolated by LCM from the fetal baboon testis and ER␤ mRNA quantified by competitive RT-PCR in these cells. These observations indicate that our nonhuman primate baboon model can be used to study the potential role of estrogen on maturation of, and regulation of cell-specific expression of molecules in, the fetal primate testis.
